Ten 14-week-old calves were fed a diet containing 87.5% NaOH-treated barley, and killed after 29,65, 71, 117, 140, 179, 314, 338, and 408 days. Eight control calves were fed a diet in which untreated rolled barley was substituted for alkali-treated grain. Calves receiving NaOH-treated barley became polyuric with urine pH ranging from 9.0 to 9.5, and had significantly raised plasma creatinine levels on day 29. Other clinical findings were normal, and there were no other significant alterations in blood. At necropsy, bilateral renal lesions consisted of white cortical foci, medullary stippling, and the presence of uroliths in the renal papillae and calyces. Microscopic changes included tubular dilatation, atrophy, necrosis, and mineralization, interstitial fibrosis with mononuclear cell invasion and consequent glomerular changes. It appeared that glomerular and interstitial changes were secondary to primary tubular damage. No abnormalities were detected in control calves. Feeding of NaOH-treated barley can result in nephrotoxicosis in cattle.
Cereals are processed prior to incorporation into ruminant feedstuffs to increase digestibility. However, excessive physical processing causes a reduction in digestibility, depresses cellulose digestion, and predisposes to rumenitis.I4 Application of NaOH to whole grain barley enhances digestibility by disrupting the outer husk, thus facilitating penetration of ruminal microbes and digestive enzymes to the kernel.IS This offers a minimal processing method for preparation of cereals as ruminant feedstuffs without the pathologic sequelae associated with feeding of more highly processed cereal. Alkali treatment has the additional advantage of extending the storage life of the grain because of a diminished population of spoilage microbes.'* Research into the effects of feeding NaOH-treated grain to ruminants for relatively short periods concluded that the process was free of harmful effects, and the practice has gained popularity in recent years.2J6 A further effect of NaOH treatment is rapid destruction of the vitamin E content of treated grahZ2 Barley naturally deficient in selenium and treated in this way leads to diets low in vitamin E and selenium. We induce a deficiency of these micronutrients in cattle by this method at this institute. This experiment was designed to investigate whether a high incidence of renal lesions was primarily attributable to vitamin E and selenium deficiency or the result of some factor associated with feeding NaOH-treated barley. It also examined the effects of the lesions on renal function, and investigated whether the alkali-treated diet caused pathologic changes in other tissues.
Materials and Methods
Eighteen 14-week-old, male, Friesian calves were divided into a control group of eight calves and a principal experi-mental group of ten calves. The principal calves were fed a diet of 87.5% NaOH-treated barley, 10% extracted soyabean meal, and 2.5% of a vitamidmineral supplement. Method of preparation and diet composition differed from a previous report23 only in that the vitamin/mineral supplement contained alpha-tocopherol and selenium. Application of NaOH was done by spraying with a 30% solution at a rate of 35 kg NaOH kg-I barley.I5 A period of 2 weeks elapsed between NaOH treatment of the barley, and mixing of the vitamin/ mineral supplement with the total ration to ensure that little residual NaOH was available to destroy the added tocopherol. Analysis of the complete diet indicated that it contained 80 mg kg-' alpha-tocopherol, and 0.24 mg kg-' selenium. The control group diet was prepared in an identical manner except that untreated rolled barley from the same batch was substituted for alkali-treated barley. The control calves were placed on experiment 10 days after the principal group. PH values of alkali-treated and control diets were 10.2 and 5.4, respectively. The appropriate rations were fed to appetite in two daily feeds. Water was available ad libitum, and a small quantity of straw was fed to minimize the risk of bloat and other digestive upsets.
Blood samples were collected from both groups immediately prior to introduction to the experimental diets (day 0) and subsequently at regular intervals and analyzed for plasma albumin, globulin, total protein, urea, creatinine, inorganic phosphate, and creatine kinase by standard techniques. Plasma alpha-tocopherol was measured by high pressure liquid chromatography." Erythrocyte glutathione peroxidase (GSHPX) activity was measured by the method of Paglia and Valentine.lg Standard hematologic examination was done on each calf at day 0 and on the day of necropsy.
One principal calf was killed by intravenous pentobarbitone overdosage on each of days 29, 65, 71, 117, 140, 179, 3 14, and 338 while the remaining two calves were killed on day 408. The control calves were killed on days 43, 50, 91, 106, 113, 176, 190, and 304. At necropsy, samples of lung, liver, kidney, spleen, testis, small intestine, pancreas, heart, and skeletal muscle from all calves were collected into 10% neutral buffered formalin for microscopic examination. Kidney samples were also fixed in corrosive formol (nine parts of a saturated solution of mercuric chloride to one part of 40% formaldehyde solution). Blocks of kidney from all calves were quench-frozen by immersion in isopentane cooled to -196 C by liquid nitrogen. Following paraffin processing, sections were cut at 5 pm, and stained with hematoxylin and eosin (HE) . Selected kidney sections were also stained with periodic acid-Schiff (PAS) with and without pre-diastase digestion, Van Gieson, Von Kossa, alizarin red S, long Ziehl-Neelsen, Schmorl's ferric-ferricyanide, Masson-Fontana, Sudan black B, and oil red 0. Unstained, deparaffinized (rehydrated) kidney sections containing lipopigment granules were checked for resistance to alkali (5% NaOH), and chloroform-methanol mixture (2 : 1 volume/volume) by immersion in the respective solutions for 1 hour at 37 C followed by staining with HE. Cryostat sections were cut at 10 wm at -20 C, mounted on glass slides, and allowed to thaw and dry rapidly at room temperature. Selected cryostat, and rehydrated paraffin sections containing lipopigment granules were stained with oil red 0, and Sudan black B. Similar sections were also examined in ultraviolet light. Urine samples were collected from the urinary bladders of seven pnncipal and five control calves for pH measurement.
Results
All principal calves were mildly diarrheic for the first few days of the experiment. Thereafter, feces were soft and slimy, and tended to adhere to the skin. Frequent micturition occurred, but no other clinical abnormalities were seen. All control calves remained clinically normal.
Mean plasma creatinine level of the principal calves was significantly greater (P < 0.001) than that of the control group on day 29 (Tables 1, 2 ). The highest plasma creatinine level was recorded in the calf killed on day 338. Plasma alpha-tocopherol level, and erythrocyte glutathione peroxidase (GSHPX) activity of both groups remained high over the course of the experiment, whereas other plasma parameters remained within normal limits.' Hemograms of both groups on day 0 and on the day of necropsy also remained within normal limits. 25 Urine pH values of the principal calves ranged from 9.0 to 9.5 while those of the control calves varied from 5.5 to 6.5.
Multiple, subcapsular vesicles, approximately 1-2 mm in diameter, were in the kidneys of the principal calf killed on day 29. These lesions projected slightly above the surface of the cortex and were evenly distributed throughout all lobes. In addition to these vesicles, larger white cortical foci up to 1 cm in diameter, were in the kidneys of all other principal calves. The kidney surface was depressed at these points, but the renal capsule peeled away easily. Sectioning revealed that the foci were approximately triangular with the apex extending into the cortex for a variable distance. The medulla frequently had a white stippled appearance. The kidneys of the calf killed on day 338 were atypically shrunken and fibrotic with extensive surface pitting. The capsule was adherent and fluid oozed from the cortex when sectioned. Uroliths comprising sabulous material, and larger calculi up to 1 cm in diameter, occupied the renal calyces of the calves killed on days 7 1, 1 17, 140, and 179. Some of this material was in the form of concretions molded to the contours of the renal papillae. Subjective macroscopic assessment indicated that lesions were relatively mild on day 29, severe on days 65, 71, 117, and 140, moderate on days 179, 314, and 408, and very severe on day 338.
Multifocal areas of tubular dilatation, atrophy and necrosis, interstitial fibrosis and mononuclear cell infiltration, and secondary glomerular changes were seen in the renal cortices of all principal calves (Fig. 1 ). The extent of each change varied among individual calves. Microscopic renal lesions in the calf killed on day 29 were the least severe seen in any animal. They consisted of numerous foci of dilated tubules with flattened epithelia. Tubular dilatation appeared to correspond to the minute macroscopic surface vesicles. It was impossible to determine whether segments of proximal (PCT) or distal (DCT) convoluted tubules were preferentially involved. Occasional foci of mildly atrophic tubules, and a small number of isolated necrotic tubules were also seen in the kidneys of this calf, but interstitial and glomerular changes were minimal. With the exception of this calf, no temporal increase in the severity of tubular lesions was apparent, but the severity of interstitial and glomerular alterations appeared to be related to the duration of NaOH-treated barley feeding. Degenerated areas appeared to be randomly distributed throughout the cortex. Medullary changes were less severe than those in the cortex. Tubular atrophy was associated with thickening of the tubular basal lamina as evidenced by the development of wide, crinkled bands of amorphous, periodic acid-Schiff (PAS)-positive, diastase-resistant material around the external circumference of the tubule (Figs. 2, 3) . Mitotic figures were frequent in the epithelium of atrophic tubules (Fig. 3) . Mild tubular atrophy was usually associated with little or no interstitial reaction but marked atrophy was invariably accompanied by peritubular fibrosis and occasionally mononuclear cell infiltration.
Atrophic epithelial cells frequently contained variable numbers of intracytoplasmic pigment granules that appeared yellow-brown in hematoxylin and eosin (HE) sections. The granules stained positively with Schmorl's femc-ferricyanide reaction and with Masson-Fontana. Although they exhibited weak sudanophilia, they were not acid-fast, did not stain with oil red 0 in either paraffin or cryostat sections, and were PAS-negative. They were resistant to alkali and chloroform-methanol mixture, and were autofluorescent when examined in ultraviolet light. These properties indicate that they represented lipofuscin. 20 Tubular necrosis was invariably associated with mineralization of the tubular epithelium. Nephrocalcinosis was especially prominent in the distal regions of the nephron and in the renal papillae in less severely affected kidneys, but there was widespread tubular mineralization throughout the cortex, and medulla of more severely affected kidneys. Many intraluminal mineral deposits were encircled by a layer of epithelium. This apparently represented attempted displacement of the calcified material from the tubular lumina. The macula densa was frequently mineralized and hence morphologically disorganized. Calcium salt crystals, common in the neighboring interstitium, appeared to have originated in necrotic DCT epithelium with subsequent displacement to the interstitium by regenerating epithelium. Sloughing of necrotic tubular epithelium resulted in exposure of an intact basal lamina. Many tubular lumina contained sloughed epithelial cells, neutrophils, and PAS-positive, proteinaceous material (Fig. 1 ). This intraluminal debris was frequently sufficiently compacted in the distal regions of the nephron to form cellular casts.
Multiple, intracytoplasmic, hyalin, strongly PASpositive, diastase-resistant droplets were seen in the epithelium of many DCT segments. They were located in otherwise apparently normal DCT epithelial cells but were not observed in necrotic or atrophic tubules, in the PCT or in collecting ducts. They were more common in DCT segments which contained intraluminal proteinaceous material.
Interstitial changes were minimal in the kidneys of the calf killed on day 29, and consisted of mild peritubular fibrosis, and accumulation of a small number of mononuclear cells in the immediate vicinity of ne- crotic or atrophic tubules. In more severely affected kidneys, there was widespread mononuclear cell infiltration of degenerate areas of cortex. Mononuclear cell foci frequently formed an irregular, discontinuous band in the mid-cortical region. Pentubular and penglomerular fibrosis was also present in regions of severe tubular degeneration.
Glomerular alterations were usually confined to areas of tubular degeneration or necrosis, and interstitial fibrosis. They appeared to be secondary to tubulointerstitial lesions. The most frequent glomerular change was thickening of the basal lamina of the parietal capsular epithelium. Thickening was usually most prominent near the urinary pole of the glomerulus, but despite continuity of the capsular and PCT basal laminae, the latter appeared normal. Duplication of the basal lamina was evident in many glomeruli. Basal lamina thickening was frequently associated with deposition of a thick layer of finely crystalline calcium salts in the pericapsular region. Periodic acid-Schiff-positive, proteinaceous material occupied the capsular space of a few glomeruli. Apparent shrinkage of the glomerular tuft was seen in glomeruli enveloped by a thickened capsular basal lamina, and pericapsular fibrosis. Complete collapse of the tuft was associated with loss of integrity of the capsular epithelium and glomerular obsolescence.
All tissues from the control calves, and all extrarenal tissues from the principal calves were normal.
Discussion
Feeding NaOH-treated barley to cattle results in renal damage. Our findings do not agree with the results of experiments in which no renal lesions were found in steers raised on NaOH-treated grain.2J6 These findings were based on macroscopic examination only, and microscopic renal lesions may have been present. Since adequate drinking water was available at all times, our work discounts the suggestion that renal lesions in cattle fed alkali-treated train may be the result of water deprivation.
There are a few reports of plasma alpha-tocopherol levels in calves, but many are not directly comparable with the present results since they were based on different analytical methods. However, the levels in both groups of calves over the course of the present study are similar to those measured by the same technique in grazing calves, and considered to be indicative of high vitamin E status.21 Erythrocyte glutathione peroxidase (GSHPX) activity also remained well in excess of values considered to indicate adequate selenium status.'J These findings demonstrate that vitamin E and selenium were not of etiologic importance in the development of renal lesions in the principal calves. Lipofuscin granules have been associated with vitamin E deficiency states in many specie^,^^^ but the present observation of this pigment in atrophic renal tubules does not imply deficiency of the vitamin since lipofuscin has also been recognized in a wide variety of pathologic condition^.^*^^ Significantly raised mean plasma creatinine level of the principal calves on day 29 indicates that the induced lesions had an adverse effect on renal function.
With the exception ofthe calfkilled on day 338, plasma creatinine levels of all principal calves subsequently remained within normal limitsY1O suggesting temporal mitigation of renal lesions with continued feeding of NaOH-treated barley. Macroscopic examination indicated that there was amelioration of lesion severity in all but one animal after day 140 while the additional histopathologic changes consisted mainly of chronic interstitial alterations. These findings collectively support the existence of an adaptation mechanism which limits the renal damage induced by continued feeding of NaOH-treated barley. It is not surprising that raised plasma urea levels were not seen in the present study since the experimental diet had a relatively low protein content and because of the great compensatory capacity of the kidney, plasma urea and creatinine elevations may only be expected after functional loss of more than 75% of nephr~ns.~ Use of more sensitive indicators of renal function such as clearance tests may give more detailed information on the pathophysiologic effects of the induced lesions.
The demonstration that alkali treatment of barley will result in a significant increase in milk butterfat1' and total milk production27 when fed to lactating cows raises the possibility that such grain may be fed to dairy cows continuously over extended periods. The present results do not support this practice since there is a risk that subclinical renal damage induced by feeding NaOH-treated grain may be translated into clinically significant renal malfunction in dairy animals under production stress.
Frequent observations of tubular atrophy and necrosis in regions where there was little evidence of glomerular or interstitial changes, indicates a selectively toxic action on renal tubules. Interstitial alterations were apparently secondary responses to tubular degeneration. Ischemia resulting from interstitial fibrosis was a likely cause of glomerular lesions. Interstitial nephritis is infiltration of inflammatory cells into the interstitium in the absence of advanced tubular, glomerular or vascular lesions,12 and is an inappropriate term for the present lesions. Nephrotoxic acute tubular necrosis with consequent tubulointerstitial reaction is a more accurate descriptor of the induced disease.
Hyalin, periodic acid-Schiff (PAS)-positive droplets have been reported in the proximal convoluted tubule (PCT) epithelium of animal and human kidneys where they were considered to represent absorption of proteinaceous material from the glomerular filtrate. l3 The frequent association of these droplets with intraluminal proteinaceous material in the present study supports this view. It has also been suggested that such droplets are unrelated to disturbances in protein metabolism but are probably related to ischemic or os-motic changes. There is no published report of similar droplets in the distal convoluted tubule epithelium of normal or pathologic bovine kidney.
Renal lesions have been reported in rats fed "alpha protein" that had been modified by alkali treatment.28 These lesions were characterized by cytomegaly of the epithelial cells of the PCT, and the presence of eosinophilic, intranuclear inclusion bodies in both normal and enlarged cells. Prolonged feeding resulted in tubular necrosis, formation of intraluminal protein casts, tubular mineralization and regeneration, and interstitial fibrosis. These lesions have been demonstrated to result from the presence of lysinoalanine in the alkalitreated protein. Demonstration of this nephrotoxin in NaOH-treated barley but not in normal barley,6 means that it must be considered as a possible cause of renal lesions in cattle fed NaOH-treated grain. Although nephrocytomegaly or intranuclear inclusion bodies were not recognized in the present study, the significance of lysinoalanine as a cause of the renal lesions cannot be discounted since many toxic substances produce a variety of pathologc reactions in different species. It is possible that the relatively low concentrations of lysinoalanine in NaOH-treated barley are insufficient to produce in cattle the characteristic nephrocytomegaly seen in rats.
NaOH applied during alkali treatment of barley is converted to NaHCO, within 5 days of application,'8 excluding the possibility that the nephrotoxic effect of treated barley is due to unchanged NaOH. However, it is possible that the high sodium content and pH value of the present experimental diet may have had adverse effects on the kidneys, but clarification of any possible toxic effects of these factors on acid-base balance and renal function will require further investigation. High urinary pH values probably favored nephrocalcinosis and urolith formation since it has been shown that elevation of urine pH predisposes to ~rolithiasis.~~
